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CONTACT RESISTANCE-REGULATED
STORAGE HEATER FOR FLUIDS

FIELD OF THE INVENTION

The present invention relates to a storage fluid heater and,
more particularly, to a heater designed to store heat and, at
a later time, transfer the stored heat to a fluid (such as water)
for later use via a controlled heat transfer.

DESCRIPTION OF THE PRIOR ART

Storage heaters have long been used to store heat during
periods when energy is inexpensive or readily available and
recover heat for use at a later time when energy is more
expensive or less available. Such heaters can be used to store
heat in residential applications, such as in water heaters, and
in industrial applications, such as in bulk liquid heaters used
in the chemical industry. Typically, a storage heater has
some sort of heat storage means, which is heated to a
relatively high temperature, and a heat recovery means,
which carries the stored heat away as it is used. During use,
heat is transferred from the storage means to the recovery
means via some system of controlled heat transfer.

Several disclosures teach controlled heat transfer from a
heat storage unit. For example, Jakobsson (U.S. Pat. No.
4,714,821, see also U.S. Pat. No. 4,885.915) discloses a heat
storage unit having a body of material with high heat
capacity, such as cast iron, heated by electrical energy with
a tube for passage of water through the heat storage body to
heat the water. A variable speed pump is used to pump water
through sufficiently rapidly to prevent boiling of the water
when the thermal mass is at a high temperature. The speed
of the pump controls the rate of heat transfer.

Bell (U.S. Pat. No. 1,069,372) discloses a heat storage
apparatus including a thermal mass, such as cast iron, that is
electrically heated and includes a water coil extending about
that mass for transferring heat from the mass to water
flowing through that coil.

Welter et al. (U.S. Pat. No. 4,772,777) discloses a heating
unit in which the material to be heated is moved toward or
away from a heating element to maintain the temperature of

the liquid in that container at a constant optimal value and
to prevent boiling.

Several methods of controlling heat transfer are also
disclosed. Sasaki (Japanese Patent No. JA 203111) discloses

a controller for heat dissipation comprising a case having a
double cylindrical shape consisting of an outer bellows and
an inner bellows, and an adjusting spring at a space in the
inner cylinder. When heat is dissipated from the apparatus
onto a substrate, a hydraulic fluid inside the case is heated,
pressure inside the case is increased, and the bellows
expands, pressing a contact plate into contact with a radiator,
which thereby dissipates heat. When the apparatus has

cooled, the pressure inside the case is decreased, the bellows
contracts, and the contact plate is separated from the

radiator, thereby stopping the heat dissipation.

Boyd (U.S. Pat. No. 4,212,346) discloses a variable heat
transfer device, or thermal switch, that can vary its thermal
resistance in response to changes in the temperature of either
of two bodies in contact with the switch. A thermal switch
contacts a first heat station and a second heat station. The
first of the heat stations is a heat source, while the second is

a heat sink. The thermal switch is filled with a heat expand-

able material that serves as an actuator. When the tempera-
ture of one heat station rises, the actuator expands against a
piston in a chamber of the thermal switch. A thermally
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conducting strip is connected to one of the heat stations and
in thermal contact with the other. The pressure of the piston
against the strip causes a decrease in thermal resistance of

the contact.

Blinchevskii (Soviet Certificate No. SU 666521) discloses
a device for stabilizing temperature suitable for radio equip-
ment and other uses. A two phase substance (solid/liquid
and/or gas) conditionally flows between small reservoirs and
a narrow separating gap between an object and the surface
of the subject heat exchanger. Concentric undercuts in the
object and the separating gap serve as the reservoirs, with a
capillary-porous agent as a filler. The thermal resistance
between the two bodies is automatically regulated by the
migration of the agent in the reservoirs between the first and
the second reservoirs in the gap.

Murase (Japanese Patent No. JA 304000) discloses a
device used for performing a heat exchange between two
spaced-apart objects. The resistance is changed by changing
the volume occupied by a heat transfer material in a cylin-
drical member. The cylindrical member comprises a mate-
rial having low thermal conductivity, and includes a means
for changing the thermal conductivity. Each of the two
spaced-apart objects is attached to the ends of the cylindrical
member. A member having high thermal conductivity is
disposed inside the cylindrical member. By changing the
volume occupied by the high thermal conductivity member
in the axial direction, the thermal resistance between the first
and second spaced-apart objects can be controlled.

McCracken et al. (U.S. Pat. No. 2,911,513) discloses a
water heater wherein heat is stored in an accumulator for
transfer to the water as needed. An intermediate heat transfer
liquid is used to transfer the heat from the storage mass to
the liquid to be heated on a proportional mass basis. Chemi-
cal salts are used as heat storage material, which is heated by
electrical heating elements. An oil or gas flame may also be
used. A solenoid valve or a mechanical swing-type valve
may be used to control the flow of the intermediate heat
transfer liquid to the water. A thermostatic mixing valve is
used to control the temperature of tap water serviced by the
heater. Water is prevented from boiling by ensuring that the
total heat available in the high temperature mass in contact
with the water is less than the amount required to raise the
temperature of the water above its boiling point.

Yansunaga (Japancse Patent No. JA 76911) discloses a
radiator that contacts with and separates from a substrate by

expansion and contraction of a vessel. The device uses a
fluid, which, when heated, causes the pressure inside the
vessel to rise, thereby stretching a bellows, which causes a
radiator to press against a substrate, causing the heat from
the apparatus to flow through the substrate and be radiated.

Sheppard et al. (U.S. Pat. No. 3,721,101) discloses a
method and apparatus for cooling a load to a predetermined
temperature level while the load remains isolated in a
vacuum. It is disclosed that the thermal conductivity of a
physical contact between two surfaces in a hard vacuum is
a function of the true surface area of the contact, and
therefore is a function of the yield strength of the contacting
surfaces and the normal force between the contacting sur-
faces. A controllable heat flow is obtained by a compression
of a spring, which causes an increase in the normal force
between the pair of contacting surfaces thereby increasing
thermal conductivity between the contacting surfaces.

Riordan (U.S. Pat. No. 3,225,820) discloses a device for
controlling the temperature of electronic component pack-
ages by controlling the rate at which heat generated by the
package is allowed to dissipate to a heat sink. The heat sink
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from a component package is transmitted through a gap in
a gaseous or liquid medium with a bimetallic element being
provided to vary the width of the gap, and therefore the
thermal resistance between the heat source and the heat sink,
in response to temperature changes in the heat sink. In
another embodiment, a bimetallic element is fixed between
the controlled body and a thermal conducting support which
contacts the heat sink directly. The rate at which heat is
dissipated from the controlled body is controlled by the arca
of contact between the body and the bimetallic element,
which is in turn controlled by the temperature of the heat
sink. As the temperature of the heat sink rises, the bimetallic
clement moves to increase the contact area with the con-
trolied body, thereby lowering the thermal resistance.

Townsend (U.S. Pat. No. 3,390,717) discloses a heat
transfer device and also a thermal switch which can be
controlled to vary the hecat transfer rate between facing
plates. Thermal resistance, and thus heat transfer, between
two sets of plates is dependent upon the area of contact of
the plates and the force exerted between the areas of contact.
A thermal switch exploiting this principle is described in
which a sensing and actuation device moves a plate toward
or away from another depending upon the temperature. The
plates each have matching voids into which polished, ther-
mally conducting balls are interposed to increase the area of
effective thermal contact between the plates and thus reduce
the thermal resistance when the plates are pressed together.

None of the above-mentioned references teach a heat
mass in contact with a pipe, whereby heat is transferred to
a fluid inside the pipe, and where the rate of transfer is
controlled by the differential thermal expansion of the heat
mass and the pipe. Netther is it taught to use the differential
coeflicient of expansion of a heat source and a pipe carrying
a fluid to control the heating of a fluid within the pipe.

There 1s a need for a storage fluid heater capable of storing
large mounts of heat during periods of inexpensive energy
availability and recovering the stored heat with a passive
controlled transfer of heat during periods of expensive
energy availability.

SUMMARY OF THE INVENTION

The above-noted disadvantages of the prior art are over-
come by the present invention, a storage heater for storing
heat and subsequently heating a fluid.

The present invention comprises a heat storage unit
having a plurality of circular, rectangular or other shaped
adjacent blocks of a material having a relatively high
thermal energy storage density, or heat capacity. Examples
of such materials include cast iron and taconite. Each block
is thermally coupled with its immediately adjacent blocks,
although in some embodiments it may be desirable to have
disjoint blocks. The number of blocks to make a storage
water heater depends upon the amount of thermal energy to
be stored for a particular application; more blocks can store
mMOTe ¢hergy.

At least one heating element (such as an electric heating
element) is thermally coupled to the heat storage unit. In one
preferred embodiment, a hole is placed substantially through
the centerline of the blocks into which the heating clement
is inserted. The heating eclement may pass substantially
through the center of the heat storage unit. The heating
clement may be coupled to the storage unit in other ways,
depending on the application.

At least one tubular hole is placed through the blocks
through which at least one heat recovery tube is inserted. If
multiple holes are used, they are preferably placed sym-

10

15

30

35

45

55

65

4

metrically about the centerline to ensure even heat distribu-
tion. The heat recovery tube is thermally coupled along an
interface with the heat storage unit. The fluid to be heated
passes through the tube, absorbing heat from the tube. Due
to irregularities on the surface of the tube and on the inside
surface of the hole in the blocks, gaps separate portions of
the recovery tube from the heat storage blocks. The tube is
made of a material having a coefficient of thermal expansion
different from that of the heat storage unit so that as the
temperature of the heat storage unit increases, the heat
storage unit expands away from the tube. This differential
expansion increases the surface area of the gaps, increasing
the contact resistance of the interface. This process
decreases the rate of heat transfer from the storage unit to the
fluid in the tube. The theoretical foundation for this process
is discussed in more detail in Appendix A, after the detailed
description.

The material of the tube should be such that it can
withstand severe thermal stress and such that it can resist
cracking and erosion. Examples of such materials include
stainless steel 304L, incoloy and monel. The specific mate-
rial to be used in any particular application can be selected
on the basis of the temperature to which the blocks are
heated and the type of fluid being heated.

The heat recovery tube is tightly coupled to the hole at
low temperatures, becoming less tightly coupled as tempera-
ture increases, thereby increasing contact resistance between
the tube and the storage unit and reducing the rate of heat
transfer from the storage unit to the recovery tube. For this
reason, differential thermal expansion between the storage
material and the tube is an essential parameter for the proper

performance of the heater. Large differential thermal expan-
sion is desired at higher block temperatures, whereas lower
differential thermal expansion is desired at lower block
temperatures. Large differential thermal expansion is
responsible for a higher contact resistance, which is a
desirable property in this storage apparatus since it prevents
vaporization of the fluid when blocks are at high tempera-
tures. At lower block temperatures, the differential thermal
expansion should be relatively low so that better contact
between the tube and the block storage material occurs,
thereby resulting in enhanced heat transfer at these tempera-
tures.

The length and sumber of tubes in the storage unit depend
upon the contact resistance between the block storage mate-
rial and the tubes. The greater the contact resistance, the
greater the number of tubes required. Also, the type of
application, such as residential water heating or commercial
water heating, is an important factor in selecting the length
and number of tubes. Ira plurality of tubes is used, they may
be connected in parallel or in series, depending on the
application. For commercial water heating applications,
more storage blocks and longer tubes are used to provide a
larger energy storage capacity. With the help of a computer
program employing the equations given in Appendix A, the
dimensions of a storage heater for a particular application
can be optimized.

A fluid passes through the heat recovery tube to recover
heat from the storage unit. In one embodiment, the heat
recovery fluid is water. The temperature of the fluid kept less

than a predetermined maximum temperature as a result of
the controlled heat transfer. For residential applications, the

maximum temperature is the boiling pomt of water. For
steam generation applications, the maximum temperature is
the temperature at which thermal stress affects the integrity
of the heat recovery tubes.

The entire assembly of blocks that comprises a storage
water heater must be properly insulated to prevent severe
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heat losses. Any type of insulation that can withstand the
temperature of the storage unit may be used.

From the manufacturing point of view, the diameter of
hole and the tube would be selected based on the contact
resistance required. Generally very little force is required to
fit the tube into the hole; it can be accomplished with a coid
press. For applications requiring lower thermal contact
resistance, such as steam generation, the tube and the hole
dimensions may be very close. In such cases, greater force
would be required to fit the tubes in the holes. One method
of fitting the tubes would be to heat the storage block, insert
the tube in the hole and allow the block to cool in order to
achieve a shrink fit.

The storage heater is operated as follows: it is first
charged by heating the storage material with an electric
heating element, or multiple elements, to a temperature in
the range of 600° C. to 700° C. A temperature controller is
used to turn off the heating element when the desired charge
temperature is reached. The rating of the heating element is
selected based an the required charging period and expected
heat losses. Once the storage unit is fully charged, it is then

ready to be discharged.

Discharging of the storage water heater is achieved by
passing the fluid through the tubes. An expansion tank at the
inlet line is used to compensate for pressure rise in the
system due to evaporation of water in the tubes when the
water flow is shut off.

1t is, therefore, an object of this invention to provide a
storage fluid heater capable of storing large mounts of heat
during periods of inexpensive energy availability and recov-
ering the stored heat with a passive controlled transfer of
heat during periods of expensive energy availability.

It is a further object of invention to provide a storage fluid
heater capable of storing heat at a high temperature and
transferring heat to a fluid while maintaining the fluid at a
lower temperature.

These and other objects will become apparent from the
following description of the preferred embodiment taken in
conjunction with the following drawings, although varia-
tions and modifications may be effected without departing
from the spirit and scope of the novel concepts of the
disclosure.

BRIEF DESCRIPTION OF THE FIGURES OF
THE DRAWINGS

FIG. 1 1s a top perspective view of the heating unit with
a heating element and heat recovery tubes embedded in the
heating unit of the preferred embodiment of the present
invention.

FIG. 2 is an enlarged sectional view of a portion of a heat
recovery tube passing through a portion of the heat storage
unit with exaggerated relief on the surfaces of the tube and
the storage unit.

FIG. 3 is a schematic diagram of a preferred embodiment
oft he present invention configured as a storage water heater
designed for use in residential applications.

DETAIL ED DESCRIPTION OF THE
INVENTION

The invention is now described in detail. Referring to the
drawings, like numbers indicate like parts throughout the
views

In the preferred embodiment, as shown in FIG. 1, the
present invention 10 comprises a heat storage unit 20 with

at least one heating element 50 thermally coupled to the heat
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storage unit 20. At least one heat recovery tube 40 is
thermally coupled with the heating unit 20. The storage unit
20 comprises a plurality of adjacent storage blocks 22 made
of a material with a coefficient of thermal expansion such
that at lower temperatures the storage blocks 22 are tightly
coupled to the tube 40 and at higher temperatures the storage
blocks 22 become less tightly coupled to the tube 40.

As shown in FIG. 2, the heat recovery tube 40 passes
through a hole 26 in a storage block 22. The heat recovery
tube 40 has an outer surface 48 and the hole 26 has an inner
surface 28. This view shows exaggerated relief on the inner
surface 28 and on the outer surface 44. Due to this relief, the
heat recovery tube 40 and the storage block 22 are in thermal
contact with each other at various contact points 44. The
contact points 44, the outer surface 48 of the recovery tube
40 and the inner surface 28 of the hole 26 define a plurality
of gaps 46 therebetween. In normal operation, the gaps 46
are microscopic in size. The gaps 46 in combination with the
contact points 44 define an interface 42.

The heat recovery tube 40 comprises a material having a
coefficient of thermal expansion such that as the average
temperature of the storage block 22 near the interface 42
increases, the block 22 expands more than the tube 40,
thereby enlarging the hole 26 and increasing the surface areca
of the gaps 46. This increases the contact resistance of the
interface 42, which is a function of the surface area of the air
gaps 46. As the contact resistance of the interface 42
increases, the rate of heat transfer from the storage block 22
to the recovery tube 40 decreases.

This process enables a controlled heat transfer from the
storage block 22 to the heat recovery tube 40. As a fluid (e.g.
water) passes through the heat recovery tube 40, heat is
removed from the block 22, thereby decreasing the tempera-
ture of the storage block 22 near the interface 42. As a result,
the block 22 contracts, thereby reducing the surface area of
the gaps 46 and increasing the surface area of the contact
points 44. The contact resistance of the interface 42 is
reduced and the rate of heat transfer increases. Therefore, as
the temperature of the storage. block 22 decreases, heat
passing from the storage block 22 to the recovery tube 40

meets less resistance.

The present invention ensures that the temperature of the
moving fluid passing through the heat recovery tube 40 is
kept less than a predetermined maximum temperature (e.g.
the boiling point of water) as a result of the controlled heat
transfer while the fluid is moving through the tube 40 at a
predetermined mass flow rate. When the fluid flow is less
than the predetermined mass flow rate, the temperature of
the fluid may exceed the predetermined maximum. When
the fluid is water and the mass flow rate approaches zero, the
water in the tube 40 will absorb heat until it is transformed
into steam. At this point the temperature of the steam in the
tube 40 approaches the temperature of the storage block 22,
the steam approaches thermal equilibrium with the storage
block 22, and the rate of heat transfer from the storage block
22 to the tube 40 approaches zero.

When the storage unit block 22 is at its maximum
temperature (i.e. immediately after the heating element 3
has heated the block 22) the contact resistance at the
interface 42 is at a maximum. As the block 22 cools down,
the contact resistance at the interface 42 decreases allowing
the heat remaining in the block 22 to pass more easily into
the heat recovery tubes 40. By selecting the proper materials
and dimensions for the storage unit blocks 22 and the heat
recovery tubes 40, the temperature of the moving fluid may
be kept at or less than the desired maximum. The math-
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ematical details for determining the contact resistance from
which the heat flow may be calculated is provided in
Appendix A.

In a one preferred embodiment, a typical storage water
heater 10 recommended for residential applications is shown
in FIG. 3. The heat storage unit 20 consists of five cast iron
blocks 22, each 4 inches thick and each 7.75 inches in
diameter. A 34 inch diameter hole is drilled at the center of
each cast iron block 22 to allow the insertion of a cartridge
heating clement 30. The cartridge heating clement 30 is
rated at 2640W and will heat the storage unit 20 to roughly
700° C. (1292° E.). Three holes are drilled into the storage
blocks 22, equidistant from the center and 60° apart, to allow
for the insertion of three stainless steel-304L heat recovery
tubes 40, cach having a 2 inch outside diameter. The five
cast iron blocks 22 are stacked one on top of the other, giving
the hecat storage unit 20 a total height of 20 inches. This
embodiment is designed to provide about 50 gallons of hot
water at a temperature of about 125° F. under normal
residential usage.

The storage unit 20 is insulated with a suitable high
temperature insulation layer 24. Several types of common,
commercially available insulation material may be used.
These include, by way of example only, Microtherm
(manufactured by Microtherm, Inc., Chicago, Il.), BTU-
block (manufactured by Schuller International, Inc., Denver,
Colo.) and Mineral Wool and Foam Glass (manufactured by
Pittsburg Coming Corp., Pittsburg, Pa.). If Microtherm is
used, the layer 24 should be 4 in. thick. If BTU-block is
used, the layer 24 should comprise 3 in. of BTU-block and
2.5 in. of Calcium Silicate. If Mineral Wool is used, the layer
24 should comprise 2 in. of mineral Wool and 5 in. of Foam
Glass. It is also possible to insulate the storage unit 20 using
a combination of vacuum insulation and radiation barriers.

The heat recovery tubes 40 are connected in a parallel
configuration such that water enters at one end through a
cold water inlet pipe 50 and leaves at the other end through
a hot water outlet pipe 52. The temperature of the water at
the cold water inlet 50 is the supply temperature of the
available water. The temperature of the water at the hot
water outlet 52 is maintained by the controlied heat transfer
of the present invention 10 near the predetermined maxi-
mum.

An expansion tank 58 is connected to the inlet pipe 50 to
relieve excess pressure in the system due to evaporation of
water in the recovery robes 40 when the flow rate is low or
when the fluid fiow is shut off. (in this embodiment the
volume of the expansion tank S8 is approximately 2 gal.)
Connected to the outlet pipe 52 is a pressure relief valve 60
used to vent off water when the water pressure exceeds a
safe operating level (80 psi in this embodiment). A mixing
valve 70 mixes the heated water from the hot water outlet 52
with cold water from a cold water inlet 72 to provide hot
water at a safe temperature (125° F in this embodiment)
through a hot water service outlet 74.

The differential thermal expansion between the cast iron
of the storage blocks 22 and the heat recovery tubes 40 is
responsible for high contact resistance when the temperature
of the storage unit 20 is high and low contact resistance

when the temperature is low. For example, the coefficient of
thermal expansion of cast iron is 6.7x10~° infin °F. (6.0x
107° infin °F. for taconite) and the coefficient of thermal
expansion for stainless steel tubing is 9.6x107° infin °F.
When the storage unit 20 is heated to about 1100° F., the
thermal expansion of the storage unit 20 is 0.00737 in./in.
and that of the stainless steel tubes 40 (having an average
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temperature of 200° F.) is 0.00192 in./in. The difference
between these two, the differential change, is
0.00737-0.00192=0.00545 in./in. When the temperature of
the storage unit 20 drops to about 400° F,, the expansion of
storage unit 20 is 0.00268 in./in., while for stainless steel
tubes 40 (which remain at 200° F)) it is 0.00192 in./Ain. Thus
the differential change is 0.00268-0.00192=0.00076 in./in.
Therefore, the differential change is greater at higher tem-
peratures than at lower temperatures and at higher tempera-
tures the storage blocks 22 expand away from the recovery

tubes 49. This ensures that the there is greater separation
between the storage blocks 22 and the heat recovery tubes

40, thereby increasing the contact resistance at the interface
42 when the temperature of the storage unit 20 is high.

The above describe embodiments are given as illustrative
examples only. It will be readily appreciated that many
deviations may be made from the specific embodiments
disclosed in this specification without departing from the
invention. Accordingly, the scope of the invention is to be
determined by the claims below rather than being limited to
the specifically described embodiments above.

APPENDIX A

The contact resistance between two contacting surfaces

(such as the outer surface of the heat recovery tube and the
inner surface of the hole in the storage block) is a composite

of two parallel resistances: one due to points where the two
surfaces contact cach other and the other due to gaps
between the surfaces, which in most instances are air filled.
If the contact area is small, as it is for rough surfaces, the
major contribution to the resistance is made by the gaps. The
contact resistance may be defined as

R AT-T5y Q2

where T, and T, are temperature of the surfaces in contact
with each other, and Q is the heat flow per unit length.

For the case of the contacting surfaces of a tube fitted in
a cylindrical hole in a solid heat storage material, an
approximate prediction of the contact resistance, R, can be
obtained by assuming that the resistance is due only to the
air gaps, R,, modulated by a correction factor, |, which
accounts for the contacting surface areas. Thus:

R=IxR,

where
|=Correction factor

R _=Resistance due to air gap only, m-K/W
The resistance R, can be expressed by the following equa-
tion:

R =in(D /D, ) 2nk,
DD, 1+0,AT;]

Dy=Dy (1400, AT, ]

D, ,=outer diameter of tube at room temperature, m

D, o=Inner diameter of cylindrical hole in heat storage
material at room temperature, m

k_=Thermal conductivity of air at mean air temperature,
W/m K

ot =Expansion coefficient of tube material, m/m°C.
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o.,=Expansion coefficient of heat storage material, m/m
°C.
AT =Temperature difference between tube surface and
ambient, °C.

AT, =Temperature difference between heat storage mate-
rial and ambient, °C.

And f 1s expressed by the equation:

=1k (kR )

where,

k. =Thermal conductivity of solid material

T=Ratio of contact area to non-contact area.

In the case of the storage Mater, the value of the ak-gap
resistance depends on the inner hole diameter in the heat
storage material, outside diameter of the tube, the coeffi-
cients of expansion of the tube and heat storage material, and
water flow rate through the tube. Whereas correction factor
f depends upon the ratio of contact area to non-contact area
(y). The value of ¥ can be determined empirically by
matching the experimental data matches close to the theo-
retical model.

Alternatively, the ratio of contact area to non-contact area
y can be determined statistically. In general, the diameter of
contacting tube and the drilled hole are normally distributed
and described by the following probability density func-
tions:

2
Dy

Y

Oy

POy === *?

where

p~mean tube diameter

yg.=mean hole diameter .

o~standard deviation of tube diameter
c,=standard deviation of hole diameter

P =probability density function of tube diameter
P,=probability density function of hole diameter

P(x)=probability of x.

Local contact area will occur wherever the local robe
dimension is larger than the hole dimension. The probability
of having this contact can be found as follows:

For a given D,

Dy,
P(contact) = P(Dy < D) = J o Pr(Dy)dDy.
For all D,

oo D
P(contact) =I ) pAD:)I . rPh(Dh)dDbdﬂr-

The above equation can be solved numerically.
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The area ratio, v, is given by the probability ratio:

__Acomact _ P(contact)  _ Pamntactl
¥= Anomcomace  P(nmon-contact) 1 - P{contact)

For a small difference between outside tube diameter and
cylindrical hole diameter, the contact resistance will be low,
and for a large difference, the contact resistance will be high.
As the gap dimension decreases, area of the points of contact
increases, decreasing the contact resistance and vice versa.
As the difference between the tube diameter and the hole
diameter increases, the contact resistance between the two
also increases. This resistance also varies with the change in
the temperature of the storage material. The contact resis-
tance is high at higher temperatures and low at lower
temperatures. Higher resistance at high temperature limits
the formation of stecam.

In one embodiment, using cast iron as the storage material
and stainless steel as the tube material, it was experimentally
observed that when the contact resistance was less than 0.03
mK/W, steam was generated in the heater upon initial
operation. For the contact resistances higher than 0.17
mK/W, water was not heated high enough to be considered
suitable for hot water applications. Therefore based on the
experimental data and the approximate equation for deter-
mining the contact resistance, a contact resistance which
falls in the range between (.03 and (.17 mK/W is satisfac-
tory for the design of a storage water heater.

What is claimed is:

1. A storage fluid heater, comprising:

a. a heat storage unit having an inner surface and com-
prising a material having a first predetermined coeffi-
cient of thermal expansion and a predetermined heat
capacity, defining a first opening having a first width
passing therethrough;

b. a heating element thermally coupled to the heat storage
unit for providing thermal energy to the heat storage
unit; and

. a heat recovery robe having fluid outlet and an outer
surface coupled to the inner surface of the heat storage
unit, the heat recovery robe comprising a material
having a second predetermined coefficient of thermal
expansion, different from the first predetermined coef-
ficient of thermal expansion, and having a second
width, the second predetermined coefficient of thermal
expansion and the second width selected so that as the
average temperature of the heat storage unit near the
heat recovery tube increases, the contact resistance
between the heat storage unit and the heat recovery
robe increases to limit the temperature of a fluid
flowing within the heat recovery tube to a predeter-
mined maximum, wherein control of heat transfer from
the storage unit to the heat recovery tube is passive and
effected by selection of the material of the heat storage
unit and the material of the heat recovery tube.

2. The storage fluid heater of claim 1, wherein the outer
surface of the heat recovery robe and the inner surface of the
heat storage unit contact each other at a plurality of points,
defining gaps therebetween.

3. The storage fluid heater of claim 2, wherein as the
average temperature increases, the storage unit expands
more than the recovery tube, increasing the surface area of
the gaps, increasing the thermal contact resistance between
the storage unit and the recovery tube and decreasing the rate
of heat transfer from the storage unit to the recovery tube so

that the temperature of the fluid is kept less than a prede-
termined maximum temperature.
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4. The storage fluid heater of claim 1, wherein the heating
element passes substantially through the center of the heat
storage unit.

S. The storage fluid heater of claim 1, wherein the heat
recovery tube passes through a tubular hole in the heat

storage unit.

6. The storage fluid heater of claim §, wherein the heat
recovery tube is tightly fitted in the tubular hole at low
temperatures and becomes less tightly coupled as tempera-
ture increases, thereby increasing contact resistance and
reducing the rate of heat transfer.

7. The storage fluid heater of claim § comprising a
plurality of heat recovery tubes passing through a corre-
sponding plurality of tubular holes in the heat storage unit.

8. The storage fluid heater of claim 1, wherein the heat
storage unit comprises a plurality of adjacent blocks,
wherein each block is thermally coupled with its immedi-
ately adjacent blocks.

9. The storage fluid heater of claim 1, wherein the heat
storage unit comprises cast iron blocks.

10. The storage fluid heater of claim 1, whercin the
heating element is an electric heating element.

11. The storage fluid heater of claim 1, wherein the
maximum temperature is the boiling point of water.

12. The storage fluid heater of claim 1, wherein the
maximum temperature is below the temperature at which
thermal stress affects the integrity of the heat recovery tube,

13. The storage fluid heater of claim 1, further comprising
a means to relieve excess pressure when the flow of fluid
through the tube is stopped.

14. The storage fluid heater of claim 1, further comprising
an expansion tank in flunid communication with the fluid inlet
of the tube that relieves excess pressure from the tube.

15. A storage heater for heating water, comprising:

a. solid means for storing heat comprising a material
having a first predetermined coefficient of thermal

expansion;
b. means for generating heat to be stored by the storage

means, in thermal contact with the solid means for
storing heat; and

c. means for recovering heat from the means for storing
heat, comprising a material having a second predeter-
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mined coefficient of thermal exl}an'sion, in thermal
contact with the means for storing heat along an

interface, whereby the interface has a thermal contact
resistance that varies as a predetermined function of the

first predetermined coefficient of thermal expansion,
the second predetermined coefficient of thermal

expansion, the temperature of the means for storing
heat and the temperature of the recovering means so as

to limit temperature of the water to a predetermined
maximum whereby the rate at which heat is transferred
from the storing means to the recovering means
decreases with increasing temperature of the storing
means and is effected by selection of the material of the

heat storage unit and the material of the heat recovery
robe and wherein control of the rate of heat transfer is
passive. |

16. The storage water heater of claim 15, wherein the
storing means expands away from the recovering means as
the temperature of the storing means increases.

17. The storage water heater of claim 16, wherein portions
of the storing means are separated from the recovering
means by a plurality of gaps, such that as the temperature of
the storing means increases, the storing means expands more
than the recovering means, thereby increasing the surface
arca of the gaps, thereby increasing the thermal resistance
between the storing means and the recovering means.

18. A method for storing and recovering heat, comprising
the steps of:

a. heating a storage material having a predetermined heat
capacity and a first predetermined coefficient of thermal
expansion to a predetermined temperature; and

b. passing a fiuid through at least one tube, embedded in
the storage material, having a second coefficient of
thermal expansion, the first predetermined coefficient
of thermal expansion and the second coeflicient of
thermal expansion selected so that as temperature
increases, the storage material expands away from the
tube, increasing contact resistance between the tube
and the storage material, reducing the rate of heat

transfer, thereby maintaining the temperature of the
fluid below a predetermined maximum.

* ¥* *® ¥ %k
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